Observation and quantification of microorganisms in natuie are difficult tasks, particularly in soil habitats, due to the physical structure of soil particles and the small number of organisms associated with these particles. Some of these problems have been overcome by the use of fluorescent antibodies (10) or scanning electron microscopy (8) , or by specialized techniques with the light microscope (6) . Fluorescent antibodies have been useful for direct observation of specific organisms, whereas scanning electron microscopy and the inverted microscope technique have allowed observation of soil organisms in situ. However, none of these methods permits a direct study of the metabolic activity of the organisms observed.
One of the best ways of measuring microbial activity in situ is by the use of radioactive isotopes (5), but, to date, radioactive isotopes have been used almost exclusively in aquatic ecosystems. The reason for this is that processing of samples for counting of incorporated radioactivity is much easier in water than in soil habitats. The technique described here provides an inexpensive and relatively simple wet oxidation method of assessing the incorporated radioactivity in soil. Since the isotope is added as gaseous '4CO2, no alteration in the ionic strength or moisture content of the soil I Present address: Department of Soil Science, University of Minnesota, St. Paul, Minn. 55101. occurs. Hubbard et al. (9) described a similar procedure for measuring 14CO0 fixation in soil, designed to be used in the exploration of Mars, but their technique is considerably more complicated and expensive than the one described here.
MATERIALS AND METHODS
Incubations. Soil samples were placed in tared 5-ml serum bottles (Wheaton Glass Co.), capped with rubber serum stoppers and preincubated for 20 min at the desired temperature of incubation. The use of tared serunbottles allowed subsequent determination of the exact mass of soil which was incubated. Samples for chemoautotrophic detection (1 to 2 g per bottle) were maintained in the dark during the incubation period by placing the sample bottles in 35-mm film cans. Samples for photosynthetic studies (0.2 to 0.5 g per bottle) were incubated in the light, whereas the dark controls were serum bottles wrapped in two layers of aluminum foil. Field incubations took place in a thermal effluent issuing from a hot spring at Roaring Mountain in Yellowstone National Park which provides a gradient of temperatures from 25 to 90 C. Laboratory incubations took place in constant temperature water baths with illumination provided by fluorescent lighting at about 900 foot candles. After the preincubation period, 0.5 ml of air was removed from each bottle with an airtight syringe. Each incubation was then begun by the injection of 0.5 ml of gaseous '4CO2 into the bottle through the serum cap. Problems which could arise from an internal pressure greater than that of the atmosphere such as leakage of 14CO0 or incuba-595 on October 26, 2017 by guest http://aem.asm.org/ Downloaded from tion of organisms under abnormal pressure were thus avoided. Incubations were stopped by the addition of 2 ml of 1 N perchloric acid (PCA). In the field, the PCA addition was made after the removal of the serum cap, thus flushing a large amount of the unincorporated "4CO2 from the bottle while still outdoors. In the laboratory, PCA was injected through the serum cap. As a safety precaution, the unincorporated "4CO2 was flushed from serum bottles only in an operative fume hood. All samples were processed in the laboratory. "4CO2 Generation. The "4CO2 was generated from NaH"4CO in a simple device consisting of a CO 2-impermeable rubber membrane (Trojans, Youngs Drug Products Corp., Piscataway, N.J.) placed within a 60-ml polyethylene bottle which had two 3-mm holes cut in its sides. The top of the membrane was folded over the outside of the mouth of the bottle and sealed with an airtight rubber serum cap.
The membrane was filled with air, and a needle was inserted through the cap into the membrane to allow the internal and external pressures to equilibrate. After equilibration, 3 ml of air was removed, and 2 ml of 10 N H20S4 was injected through the cap into the membrane. Then 1.0 ml of NaH"4CO0 (New England Nuclear Corp., Boston, Mass.) was injected into the membrane and was converted to "4CO, by reaction with the H2SO4 . The specific activity of the NaH"4CO, injected was 1 uCi/10 ug and either 10 uCi or 20 uCi was injected. The "CO, thus generated should be withdrawn immediately for sample injection to minimize the possibility of "4CO2 leakage through the membrane.
The "4CO2 was transferred from the generating bottle to the sample bottles with a 1-ml airtight syringe (Becton, Dickinson & Co., Rutherford, N.J.). The exact amount of "4CO2 injected into the samples was measured in a liquid scintillation counter after the injection of a fraction of "4CO2 into a scintillation vial containing the appropriate scintillation fluid (see below).
The polyethylene bottle protected the fragile membrane from physical damage, andfthe holes in the bottle kept the membrane exposed to atmospheric pressure at all times. As samples were withdrawn, the atmospheric pressure caused the volume of the membrane to decrease by the amount of the sample withdrawn. This constant equalization of internal and external pressures meant that all samples withdrawn had the same activity of "4CO2 per unit volume.
Processing and oxidation. After incubation, samples were transferred from the serum bottles to 20-ml (Kimble Products) or 50-ml funnel-top glass ampoules (Wheaton Glass Co.). Radioactive carbonate formed nonbiologically in the soil was removed by treating the sample with a carbonate flushing solution prepared by mixing 57 ml of concentrated H2S04 with 92 g of FeSO4-7H2O in 600 ml of distilled water (3) . The soil particles were transferred into the ampoules with the carbonate flush solution with a squeeze bottle. It was imperative that the total volume of carbonate flush solution for this transfer be kept to a minimum, preferably 2 to 3 ml, since volumes greater than 3 ml produced severe problems during the boiling and sealing steps described below. Samples were rapidly brought to the boiling point in a 300 C sand bath and kept at a slow boil for exactly 90 sec to drive off unincorporated "4CO2 from the liquid phase (3). The ampoules were then flushed with air for about 10 sec to insure the total removal of "4CO2 from the air phase of the ampoule. The fact that the carbonate flush solution is 2 N insures that "4CO2 is the favored species, whereas the FeSO, provides ferrous ions at a concentration of 2.8% (w/v), thus protecting the organic matter from oxidation during the boiling (4).
Digestive acid was then added to the ampoules, 5 ml to the 20-ml ampoules and 10 ml to the 50-ml ampoules. This acid was prepared by mixing concentrated H2SO4 and 85% HPO4 in a 6:4 ratio, cooling, and storing in a glass-stoppered reagent bottle (3).
Approximately 1 to 2 g of reagent grade K2Cr2O7 was added to each ampoule and washed into the ampoule with a small amount of water. The ampoules were immediately sealed with either an oxygen-methane torch or a propane torch, cooled, checked for leakage by inversion, and autoclaved at 121 C, 15 psi for 60 min to oxidize the organic matter in the samples to CO2. After being autoclaved, the samples were processed as described below.
The processing apparatus was a modification of that described by Strickland and Parsons (11) and consisted of a large rubber tubing sleeve, the inside diameter of which was slightly smaller than the outside diameter of the ampoule (Fig. 1) . The sleeve was closed at the top with a rubber stopper through which a glass tube and a stainless steel cannula [0.063-inch (1.6-mm) internal diameter] extended into the sleeve. The cannula was connected to an air pump (Marco, J. B. Maris Co., Bloomfield, N.J.) which constantly forced air into the sleeve. "4CO2 was flushed from the ampoule through the sleeve via the glass tube and was transmitted to two scintillation vials connected in series. The output tube from the second vial led directly into the air with no further connection. The processing itself was begun by inserting an ampoule into the rubber sleeve and securing it with a hose clamp, thus creating an airtight sleeve. Scintillation vials were screwed into the caps and the air flow was adjusted so that there were 5 to 10 bubbles per sec in the scintillation vials. The hose connecting the sleeve to the vials was then briefly clamped and the top of the ampoule was broken off by pressure applied from outside the sleeve. The clamp was quickly but gradually released, minimizing pressure buildup in the sleeve, and the cannula was inserted through the hole in the top of the ampoule into the liquid phase of the ampoule. The ampoule was flushed for 5 min, insuring complete "4CO2 removal. The first scintillation vial was removed, capped, and counted. Another vial was put in this position, and the system was "washed" by passing of air for another 2 Cultures. Sulfur-oxidizing bacteria were isolated from coal mine regions and thermal regions. Sulfolobus, a new acidophilic thermophilic sulfur-oxidizing bacterium will be described elsewhere. It was grown at 55 C in Allen's salts medium (1) Because many CO2-absorbing agents also trap Cl2 (2), the effect of NaCl in the sample on CO2 absorption by phenethylamine was examined. Chlorine is created during the oxidation process if Cl-is present in the sample (3). Constant amounts of [14C]glucose (0.1 ml of 0.1 ,Ci/ml, 1.67 gCi/,gg) were oxidized with varying amounts of NaCl. The recovery of 14CO, was not reduced unless the concentration of NaCl exceeded 20% (w/w). Such levels of NaCl would be found only in extremely saline soils.
Finally, the effect of water on the scintillation counting efficiency was measured by means of the [14C]toluene internal standard method. The complete scintillation fluid was prepared using a constant amount of [14C]toluene (0.1 ml of 0.5 ,uCi/ml) in each vial. Various amounts of water were added to each vial, and the effect of counting efficiency was measured. Vials with more than 0.15 ml of water became turbid, but the counting efficiency was not affected even at water concentrations much higher than this. Evidence that even small amounts of water are not transmitted to the scintillation vials is that a trap containing indicator MgCO2 (Drierite, W. A. Hammond Drierite Co.) was placed between the rubber sleeve and the first scintillation vial during the processing of about 100 samples, and no color change was detected.
Applicability of the technique. The following two experiments demonstrate the applicability of this technique for studying microbial autotrophic activity in soils. Samples for chemoautotrophic studies were obtained from a sulfur-rich soil on Roaring Mountain in Yellowstone National Park where both Thiobacillus and Sulfolobus have been isolated routinely, whereas samples for photoautotrophic studies came from Amphitheater Springs in Yellowstone National Park.
A soil from Roaring Mountain sterilized in dry heat for 3 hr at 300 C was placed in 5-ml serum bottles. The sterile soil was inoculated with 8 x 105 bacteria from a culture of Sulfolobus. The samples were preincubated at 55 C, and the radioactive CO2 (163,000 counts per min per sample) was injected. Three sets of serum bottles were used in the experiment. Those containing autotrophs plus sterile soil were incubated for 8 hr, and PCA was added at various time intervals. After PCA was added, the sample was held at the temperature of incubation for the full incubation period. A second set of samples containing autotrophs plus sterile soil was incubated for 1 hr, and then the incorporation of '4CO2 was stopped with PCA. The third set containing only sterile soil served as the control. Figure 2 demonstrates that CO2 uptake by sulfur-oxidizing autotrophs inoculated into sterile soil was detected by this technique. The figure also shows that 14CO2 incorporation is stopped by the addition of 1 which contained the alga C. caldarium was collected and distributed into four sets of six serum bottles each. In each set, triplicate samples were incubated in the light and duplicate samples were incubated in the dark, along with a light control which had 2 ml of 1 N PCA added at the beginning of the incubation period. This last serum bottle was used to demonstrate that all 14CO fixation which occurs in these samples is a biological process. All serum bottles were incubated at 45 C, the optimum for this alga, (7) with 340,000 counts/min of 14CO2 as previously described. The incorporation of 4CO2 was stopped by the addition of PCA at 1, 2, 3, and 4 hr. Figure 3 
